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lum (12) to find significant amounts of sterols
and sterol esters in human sebaceous gland
lipids casts doubt on this assumption.
Accordingly, the present studies were un-
dertaken to 1) document esterification of
cholesterol in the skin, and 2) determine the
sites in which this activity is located.
METHODs AND MATERIALS
Skin was obtained from adult male albino
guinea pigs, one adult male pig, and from human
abdomen at post mortem. Hair was removed by
plucking and subcutaneous tissues were dissected
away. Skin was floated for 3 minutes on a 500
water bath after which pure epidermis could be
stripped off. The integrity of the epidermis was
verified histologically. In some experiments, thin
free hand slices of whole skin were employed;
these contained about 50% dermis, but no se-
baceous glands or hair bulbs.
Stratum corocum was obtained from calluses
of the plantar surface of human volunteers. In
pig skin the stratum eorneum was sufficiently
thick to permit the preparation of free hand
slices containing largely horny layer with a small
amount of upper malpighian layer.
Surface film was collected from plucked or
clipped guinea pig hair by soaking it in potassium
phosphate buffer. Human surface film was col-
lected for 3 hour periods on cigarette papers ac-
cording to the method of Strauss and Poehi (13);
the surface film was extracted from the papers
with phosphate buffer.
Methods. Weighed epidermis or whole skin
slices wero homogenized in all glass tissue grinders
in 10 volumes of 0.1 M potassium phosphate
buffer, pH 72 (K,HPO5). Homogenates were
centrifuged for 10 minutes at 700 >< g to remove
debris and kept at 4°C until incubated for 1 hour
at 37°C. The preparation of pure epidermis from
time of sacrifice of tho guinea pig to homogeni-
zation of the tissue did not exceed 2 hours. After
homogenization, ineubations were begun within
30 minutes. The final reaction mixture was 0.0 ml
and contained 50 mg epidermis or whole skin,
2 p Moles ATP, 0.2 p Moles CoA, 4 p Moles
MgC12 ; 2 mg albumin (Bovine plasma fraction
V: fat poor (Armour)), 10 pg cholesterol-4-C°4
(1 Pc) per 0.9 ml reaction mixture was added in
20 uL acetone.
Cholesterol-4-.C'4 t was chromatograpbed on si-
licie acid columns prior to each experiment.
Columns were eluted first with benzene: hexane
iso topes were obtained f mm New Eng-
land Nuclear Corporation, Boston, Massachusetts.
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LTnna and Golodetz (1, 2) found that the
concentration of sterol esters in stratum cor-
neum was greater than in epidermis and postu-
lated that esterification of cholesterol ac-
companies keratinization. In confirmation of
their findings, Kooyman (3) reported that the
proportion of sterols in ester linkage in mal-
pighian layer of the palmar skin was 7.4%
versus 18.1% in the stratum corneum. Al-
though these differences have not been verified,
a higher proportion of esterified sterols in
surface lipids (ranging from 43 to 05%) as
opposed to epidermal lipids (8—18%) has been
amply documented (4, 5, 6).
The putative relationship of sterol esterifi-
cation to keratinization has been supported by
reports of reduced ratios of esterified to free
sterols in psoriatic lesions (7) and scales (8)
and in the surface lipids of psoriatic patients
9). The latter observation has been recently
questioned by Wilkinson (5) who found that
differences in the proportion of sterol esters
on the surface of normal and psoriatic sub-
jects disappeared if lipids were collected after
an initial "defatting" of the skin.
All inferences concerning esterifleation of
sterols, however, have rested upon quantita-
tive estimations which have shown marked
variability depending upon collection pro-
cedures and analytical techniques. To date no
direct documentation has been advanced for
esterification of free sterols in the epidermis
although Gara et al. (10) have presented some
evidence for such a process on the cutaneous
surface. Moreover, interprelation of the quan-
titative measurements in surface lipids is com-
plicated by uncertainties about the origin of
the aterol esters. On the basea of histochemical
studies (11) it has been assumed that the
majority of surface sterol esters arise in se-
baceous glands. The recent failure by Kel-
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(15:85) to remove impurities and then with ether:
hexane (15:85) to recover cholesterol.
Homogenates of stratum corneum, prepared in
the same manner and buffered extracts of surface
film were incubated with albumin and cholesterol-
C-U. Total volumes of human surface film in-
cubates were 5.0 ml and for guinea pig hair ex-
tracts were 100 ml. 100 fL each of penicillin and
streptomyein were added to the incubates to
obviate any contribution of bacterial growth
in vitro.
Lipid Anolysis. Ineubations were terminated by
the addition of chloroform-methanol (2:1), in
the proportion of 20 volumes of the solvent per
1 volume of incubating medium. Phases were sep-
arated by the addition of 4 volumes 0.85% saline
and the lower chloroform phase was washed with
3 volumes of reconstituted upper phase (chloro-
form: methanol: water (3:48:47)) per volume
of incubate. The chloroform lipid extract was dried
under N2 at 50°C, resuspended in hexane and
passed over columns of silieie acid (minus 325
mesh) (Bio Had Laboratories, 22 Jones Street,
New York, N. Y.). 4 grams sibeie acid were used
in columns with internal diameter of 1 cm.
Columns were eluted with 75 ml of benzene-
hexane (15:85) to recover sterol esters. The eluate
was taken to near dryness and quantitatively
applied to siliea-gel-G plates for thin layer chroma-
tography (TLC). Plates were developed in hexane:
ether: acetic acid (10:05 :0.1) and subsequently
exposed to Is vapors. Long chain fatty acid esters
were located with reference standards of the
cholesterol esters of stearie, oleie, palmitie and
myristie acid (Applied Science Laboratories, State
College, Penna.). Short chain fatty acid esters
were localized with reference standards of eholes-
teryl acetate and propionate: the areas containing
long chain sterol esters were scraped off the plates
and the silica-gel transferred directly to counting
vials. 15 ml of scintillation fluid (4 g. PPO and 50
mg POPOP/L toluene (Speetrafluor; Amersham/
Searle)) were added and radioactivity assayed in
a liquid scintillation counter. Sufficient counts were
observed above background to insure an accuracy
of The presence of silica-gel in varying
quantities did not affect counting efficiency.
To compensate for impurities in substrate eho-
lesterol—C—14 which were occasionally present
after ineubations, control vessels containing the
complete reactions mixture without tissue were
included with each incubation. Counts observed
in the region of sterol esters in the control ves-
sels varied from 0 to 40 epm; appropriate cor-
rections were instituted in each experiment.
Experiments with eholesterol-C-14 and cho-
lesterol stearate-C-14 indicated a clear separation
of cholesterol esters from free cholesterol with
94% recovery by the above techniques.
RESULTS
Esterifleation of Cholesterol by Guinea Pig
Epidermis. Homogenates of guinea pig epi-
TABLE I
Esterifieetion of cholesterol C-14 by guinea pig
epidermis
homogenates prepared in 0.1 M K5H P04 (pH
7.2) from sliced whole skin (W.S.) or heat sep-
arated epidermis (H.S.E.). Reaction mixture as
described in text. Results in each experiment are
means of duplicate vessels and are expressed as
counts/mm. per g initial wet weight of tissue.
Tissue Counts in sternJ esters sn
W.S. 8,015 780
W.S. 10,612 870
W.S. 5,720 640
uSE. 53,000 1,650
H.S.E. 3,205 120
H.S.E. 12,740 560
dermis and whole skin readily esterified eho-
losterol-C-14 (Table I). On TLC radioactiv-
ity was recovered in a spot corresponding to
the position of long chain fatty acid esters
(C:14 to C:1S). No radioactivity was ob-
served on TLC in the regions of cholesteryl
propionate or acetate. A radioactive spot
localized between cholesterol propionate and
the long chain sterol esters was inconstantly
found. This lipid gave weakly positive Lieber-
mann-Burohard reactions and contained radio-
activity when homogenates were incubated
with potassium oleate-1-C14. (See below.) It
has not been further identified.
Since assays of esterifieation in vitro rested
on the presence of radioactivity in spots cor-
responding to sterol esters on TLC, further
identification was carried out. The spots were
scraped off and the gel eheted with ehloro-
form. Ltebermann-Burchard reaction was posi-
tive for cholesterol. The eluates were saponfled
in 20% KOH in ethanol under nitrogen at 80°
for 12 hours. Saponificates were extracted with
hexane to recover the non-saponifiable lipids.
The hexane fraction was evaporated to a small
volume at 50° under N2, and applied to thin
layered plates for TLC and radioactive assay
as previously described. Radioactivity present
initially in sterol esters was quantitatively re-
covered in a spot corresponding to reference
standards of cholesterol (Applied Science
Laboratories, State College, Penna.). Gas liquid
chromatography of sapouified eluatos verified
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TABLE II
Incorporation of oleic acid-i-C14 into sterol esters
Homogenate of guinea pig epidermis was incu-
bated with .03 p Moles potassium oleate-1-C-14
(1 pa) complexed to 2 mg fat poor albumin without
added cofactors at pH 7.2 for 30 and 60 minutes.
Results are mean of duplicate vessels SD and
are expressed as counts/mm. per g wet weight.
Time of incubation Counts in stern1 esters SD.
30 minutes 5,528 48
60 minutes 14,688 400
TABLE III
Effect of heat separation on esterification of choles-
terol C-14
Homogenates were prepared from whole skin
slices (Control slices); whole skin, heated on 50°
water bath (Heated slices); epidermis separated
from heated slices (Heated epidermis). Incuba-
tion system as described in text. Results in dupli-
cate vessels expressed as counts per mm. per g.
initial weight of slices.
Tissue
Control slices
Heated slices
Heated epidermis
Mean counts
SD. Control
2,880 170
2,860 165 99
2,620 150 91
the presence of cholesterol and fatty acids
(C:14 through C:18).±
Fatty acid added in vitro was also esterified
to endogenous cholesterol in the homogenate
system. Experiments were performed with po-
tassium oleate-1-C-14 complexed to albumin,
which replaced cholesterol-C-14 as substrate.
In these experiments the method of lipid
analysis was modified to remove the free fatty
acids. The final hcxane extract of tissue lipids
was eluted 3 times with .05 M NaOH in 50%
ethanol prior to silicic acid chromatography.
Preliminary experiments with potassium ole-
ate-1-C-14 confirmed the quantitative removal
of the non-esterified fatty acids by this
t The authors are indebted to Professor C. Chen,
who performed GLC studies on an Aerograph in-
strument with flame ionization detector. For
cholesterol, studies were performed on 4' x ½"
columns using SE 30; 5% on chromasorb 2. For
chromatography of methyl esters of fatty acids
the stationary phase was SE 30; 5% in chroma-
sorb 2.
method. In a representative experiment shown
in Table II, the labeled fatty acid was in-
corporated into sterol esters.
The effect of heat separation of the epi-
dermis on esterification was assessed. Thin
slices of epidermis were prepared free hand,
weighed, and heated on the 50° water bath.
Epidermis was separated from some of these
while others were left intact. Homogenates
were prepared from unheated slices, heated
slices, and separated epidermis. Esterification
of cholesterol-C-14 was assessed as described
above and the counts in sterol esters related
to the initial weight of the slices. The mild
heating did not affect esterification in whole
slices and resulted in only a 10% loss of ac-
tivity in separated epidermis (Table III).
Characteristics of Sterol Esterification. Fur-
ther studies were instituted to assess the prop-
erties of the esterification system in terms of its
possible enzymatic nature. Esterification was
heat labile. Boiling homogenates for 3 minutes
almost completely inhibited formation of sterol
esters (Table IV). Heating for 10 minutes at
65° resulted in a 60% loss of activity.
Incorporation of cholesterol-C-14 into esters
increased with length of incubation (Fig. 1).
Although the increment was not entirely linear,
significant dampening of the rate of esterifi-
cation was not observed over a 60 minute
incubation period.
Incorporation of eholesterol-C-14 was also
dependent on the concentration of homogenate.
When 0.25 ml and 0.5 ml were incubated with
1 fcc Cholesterol-C-14 in a constant volume,
TABLE IV
In activation of cholesterol esterification by heat
Homogenates of guinea pig epidermis incubated
without heating; after 65°C for 10 minutes; and
100°C for 3 minutes. Reaction mixture as described
in the text.. Results are expressed as the mean
counts per mm. S D in duplicate vessels con-
taining 50 ing epidermis.
Counts in sterol esters/vessel S.D.
Unheated
697 59
683 47
% of unheated
65° 100°
30.0 6.9 2.0 0.4
27.8 7.1 —
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INCORPORATION OF CHOLESTEROL-C-I4
INTO STEROL ESTERS
formation of cholesterol-C-14 esters was pro-
portional to the volume of homogenate (Table
V).
Finally, the effect of pH on esterification of
cholesterol was assessed, and the optimal in-
Corporation of radioactivity was present at
about pH 5.8 (Fig. 2).
Site of Sterol Esterification. The extreme
thinness and fragility of guinea pig epidermis
did not permit investigation of various layers
of the skin. Removal of stratum corneum by
scotch tape stripping was attempted but
was not complete. However, such preparations,
containing small amounts of stratum corneum,
did exhibit sterol esterifleation in vitro.
To better evaluate the esterifying activity
of various epidermis layers, further studies
were performed with pig and human skin.
Homogenates of heat separated pig epidermis,
slices of pig stratum eomeum, human abdomi-
nal heat separated epidermis, and human
stratum corneum (plantar callus) were in-
cubated with eholesterol-C-14.
Cofactors were omitted in these experiments,
(as well as subsequent ones with surface
film). Since energy generating systems could
be expected to be lacking in dead stratum cor-
neum and on the surface in vivo, activity
in vitro would have more physiological rel-
evance if the system were unsupplemented4
In most experiments with epidermis ATP and
CoA were added. However while these cofactors
Different concentrations of homogenates of
guinea pig epidermis incubated in reaction mix-
ture containing 2 mg albumin; 1 pG cholesterol
C-14 (10 pg); CoA, 0.2 p Moles, ATP 2.0 p Moles
with total volume 0.82 ml. Results are expressed
as the mean counts per mm. in duplicate vessels.
Volume homogenate Mean counts in sterol esters
per vessel per vessel SD.
0.25 ml 340 28
0.50 ml 720 77
The results (Table VI) suggest that esterify-
ing activity was present in both living epi-
dermis and stratum eorneum. The human
callus was pure horny layer and the pig
stratum eorneum contained very little mal-
pighian layer. Conversely, it is unlikely that
the activity of whole pig epidermis is due en-
tirely to the presence of stratum corneum.
The formation of sterol esters in the epidermis
and stratum corneum of the pig skin was simi-
lar on the basis of wet weight. Since the water
stimulated the esterifying activity of crude ho-
mogenates, considerable activity was present when
the eofaetors were excluded from the system.
Requirements for ATP and CoA have been investi-
gsted in more purified preparations and in sub-
cellular fractions and will be detailed in a sub-
sequent report.
2
14
COUNTS X10310
PER GRAM
EPIDERMIS 6
MINUTES OF INCUBATION
Fic. I. Incorporation of cholesterol C-14 into sterol esters in epidermal homogenates
during 60 minutes of incubation. Reaction mixture as described in text.
10 20 30
TABLE V
Effect of concentration of homogenate on eslerifico-
lion of cholesterol-C-I 4
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pH OPTIMUM FOR ESTERIFICATION
OF CHOLESTEROL - C - 14
x
x
x
4.0 5.0 6.0 7.0 8.0
pH
Fso. 2. For determination of pH dependencies epidermis was homogenized in 0.3 M
sucrose (1:10, w:v). After centrifuging at 700 >< g, supernatant was buffered with 0.1 M Na
acetate (pH 4.0—5.8) and 0.1 M 1C112P04 (pH 6.0—7.8) and incubated as described in text.
TABLE VI
Esterificotion of cholesterol-C-14 in various sites
See Text for details of preparation of tissues and
incubations.
No. Animal Tissue
Mean counts in sternl esters
.
C/mio./g/tissue
S.D. skin
1
2
3
4
5
6
7
8
Pig
Human
Human
Human
Human
Human
Human
Human
Epidermis
Stratum
corneum
Epidermis
Epidermis
Epidermis
Callus
Callus
Surface film
Surface film
3,240 240
3,320 340
3,780 350
5,140 400
6,400 570
10,976 872
5,255 790
740
398
363
several times greater
corneum the actual
dry weight) of whole
that of stratum cor-
content of epidermis is
than that of stratum
activity (e.g., related to
epidermis should exceed
neum alone.
Of great interest was the presence of con-
siderable esterifying activity in surface film
collected from human forehead. This activity
is reported (Table VI) in counts/minute for a
15 cm5 collection area and represents a 3 hour
period of sebum secretion. For the purposes
of a very crude comparison to the activity
of epidermis a similar area of buman abdominal
epidermis (from a different subject) was as-
sessed in experiment 4 (Table VI). The cal-
culated counts in sterol esters for a 15 cm2 area
of epidermis were 740 as compared to 398 and
363 for forehead surface film, suggesting that
activity of surface film may not be incon-
siderable in relation to the underlying epidermis.
Direct comparisons between surface and
epidermal activity were undertaken in the
guinea pig skin. Surface film, collected from
hair, was incubated with C-14 cholesterol and
without added cofactors, (vide supra). Epi-
dermal homogenates from the same animal were
incubated as previously described but without
ATP or CoA. Sterol esters, separated on silicic
acid columns were resolved into the component
esters of saturated, mono-unsaturated and
di-unsaturatcd fatty acids by TLC on silica-
gel-C plates impregnated with 10% AgNO0
and using hexane:benzene (1:1) as the solvent.
Visualization of the esters was accomplished
by spraying plates with eoncentmted H2S04:
glacial acetic acid (1:1) and heating. Ap-
proximately 90% of the radioactivity present
in the long chain sterol ester found on con-
ventional TLC was recovered in the spots
identified as long chain saturated, mono-un-
saturated and di-unsaturated sterol esters. In
COUNTS X103
PER GRAM
EPIDERMIS
IS
14
10
6
2
•S Acetate buffer
5•-•X Phosphate buffer
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Table VII the results are presented as the
percentage of combined counts recovered in
each of these three ester fractions. In epi-
dermis the mono-unsaturated esters were the
most abundant while in surface film the
saturated esters predominated.
niscus 510N
Although esterifleation of free cholesterol in
epidermis has been inferred from histoehemi-
cal and direct chemical estimations, the present
studies present the first direct evidence for
such a mechanism. Sterol esterifieation was
documented in vitro in homogenates of guinea
pig, human and pig epidermis. The activity
exhibited characteristics of enzymatic reac-
tions: it was heat labile, and dependent on
PH; and formation of sterol esters increased
with time of incubation and concentration of
homogenate.
Examination of the postulated relation of
sterol esterifleation to keratinization must take
into consideration the site of this activity in
the skin. Accordingly, sterol esterifleation was
studied not only in epidermis, but in isolated
stratum corneum and in surface film. It was
shown that cholesterol was esterified in
homogenates of human callus and preparations
of pig stratum eorneum as well as in human
surface film and washings of guinea pig hair.
Although the demonstration of enzymatic
capability under optimal condition in vitro
does not necessarily imply that the reaction
occurs in vivo, the present studies suggest that
esterification of sterols may occur in all three
sites in vito. Experiments with surface film
and stratum corneum, (as well as with epi-
dermis in some eases), were conducted without
added eofaetors or substrate except for a small
amount of added cholesterol (10 jegm) .
The demonstration of sterol esterification in
surface film suggests that studies on relative
concentrations of sterol esters in surface lipids
should be reevaluated. The assumption that
the higher proportion of sterol esters found in
surface lipids than in epidermis represents the
contribution of sebaeeous glands may not be
valid. Indeed, if the recent report (12) that
sebaeeous lipids contain no detectable sterol
esters is confirmed, surface esterification may
contribute the major portion of sterol esters
in surface lipids. The potential magnitude of
TABLE VII
Distribution of cholesterol-C-i 4 esters in guinea pig
epidermis and surface film
For details of incubation see text. Ester fraction
(henzene-hexane (15:85) elnate) applied on siliaa
gel C plates impregnated with 10% AgNO3 , de-
veloped in hexane:benzene (1:1). Results are ex-
pressed as percentage of the total counts in the 3
ester groups, and represent the mean of duplicate
determinations in each experiment.
Tissue
Percent of counts in sterol esters
Saturated Mono-unsaturated
ni-
unsaturated
Epidermis
Epidermis
Epidermis
Surface film
Surface film
32
30
32
55
75
47
48
48
32
18
21
22
20
13
7
surface esteriflaation can be appreciated when
it is recalled that the proportion of sterols
which are esterified on the surface is from 2—3
times that found in epidermis or in isolated
stratum eorneuni.
The relative contribution of epidermal, se-
baeeous gland and surface esterifying activity
to the total concentration of sterol esters in
surface lipids cannot be assessed from the
available data. However, a number of factors
in the surface environment may contribute to
the notorious variability in concentrations of
sterol esters in surface lipids. Exogenous events
such as pllisollex® washes (5) and prior bath-
ing or ether extraction (6) have been shown to
influence concentration of sterol esters. Avail-
ability of substrate fatty acids which depends
on the rate of sebum secretion and bacterial
hydrolysis of sebum triglycerides (14) may
play a role. In the present studies, for example,
the relative proportions of different fatty acids
esterified to C 14 cholesterol in the surface
film differed from that found in the epidermis
of guinea pig skin, suggesting that ongoing
esterification is dependent on the nature of
the available fatty acids at that site. Finally,
the direct participation of the surface flora in
sterol esterifieation remains to be explored.
§ Preliminary studies suggest that some orga-
nisms cultured from the human skin surface are ca-
pable of esterifying cholesterol in vitro. No such
activity has been observed with cultures of or-
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From the foregoing, it may be concluded
that measurements of sterol esters relative to
free sterols in surface lipids cannot be extrap-
olated with impunity to prior events in the
epidermis. This conclusion does not imply that
delivery of esterifled sterols or even enzyme of
epidermal origin to the surface may not be
affected by epidermal metabolism. It does
however suggest that the role of sterol esterifi-
cation in epidermal metabolism could be ex-
plored to better advantage in the epidermis
per so.
This role has not been elucidated in the
present studies. A contribution of sterol ester
formation to keratinization cannot be ruled
out. However, the persistence of esterification
in the cornified epidermis may reflect different
metabolic circumstances and functions than
those obtaining in the living epidermal cells.
The altered intracellular milieu of horny cells
produced by dehydration, disruption of mem-
branes, and aggregation of keratin may result
in localized changes in substrate concentra-
tions, pH, and availability of enzyme which
could favor the continuation or even ac-
celeration of the process of sterol esterifica-
tion. In such context the continued esterifi-
cation of cholesterol in the dead tissue may
bear no relation to its role in the metabolism
of the living cell but may only refloct the orderly
process of cellular disintegration that cornifi-
cation represents. Conversely, altered sterol
esteriflcation could accompany disordered
cornification and thus provide an index to the
metabolic changes underlying states in which
kcratinization proceeds abnormally.
SUMMARY
Esterification of free cholesterol has been
demonstrated in homogenates of epidermis,
stratum corneum and surface film. The en-
zymatic nature of this activity is suggested
by heat lability, pH dependence and increasing
formation of sterol esters with time and con-
ccntration of homogenate. Formation of esters
of various fatty acids with C 14 cholesterol
was quantitatively different in surface film and
epidermis.
The data suggest that relative concentrations
of sterol esters in stratum corneum and surface
film may be due in part to esterification in
situ. Thus the ratios of esterified to total
sterols in these tissues may not accurately
represent sterol metabolism in epidermis and
may only indirectly reflect the process of
keratinization.
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